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Abstract Phosphoinositide-speci¢c phospholipase C (PI-PLC)
catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate
to generate inositol 1,4,5-trisphosphate and diacylglycerol, both
of which act as secondary messengers in animal cells. In this
report, we identi¢ed in Vigna radiata L. (mung bean) three
distinct partial cDNAs (pVr-PLC1, pVr-PLC2, and pVr-
PLC3), which encode forms of putative PI-PLC. All three
Vr-PLC genes were transcriptionally active and displayed
unique patterns of expression. The Vr-PLC1 and Vr-PLC2
transcripts were constitutively expressed to varying degrees in
every tissue of mung bean plants examined. In contrast, the Vr-
PLC3 mRNA level was very low under normal growth condi-
tions and was rapidly induced in an abscisic acid-independent
manner under environmental stress conditions (drought and high
salinity). An isolated genomic clone, about 8.2 kb in length,
showed that Vr-PLC1 and Vr-PLC3 are in tandem array in
the mung bean genome. The predicted primary sequence of
Vr-PLC3 (Mr = 67.4 kDa) is reminiscent of the N-isoform of
animal enzymes which contain core sequences found in typical
PI-PLCs, such as the catalytic domain comprising X and Y
motifs, a lipid-binding C2 domain, and the less conserved EF-
hand domain. Results of in vivo targeting experiment using a
green £uorescent protein (GFP) showed that the GFP-Vr-PLC3
fusion protein was localized primarily to the plasma membrane
of the Arabidopsis protoplast. The C2 domain was essential for
Vr-PLC3 to be targeted to the plasma membrane. The possible
biological functions of stress-responsive Vr-PLC3 in mung bean
plants are discussed.
9 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
Abiotic environmental stresses, such as drought, high salin-
ity, extreme temperature, and heavy metals, greatly impair the
growth and development of plants grown in soil. Drought and
high salinity are responsible for reduction of crop yield on as
much as half of the world’s irrigated land [1]. A number of
genetic and cellular events that occur under such stresses have
been widely documented [2,3]. Although a large and increas-
ing number of genes induced by drought, salt stress, or both
have been recently identi¢ed with the aid of combined molec-
ular and genetic approaches, the physiological roles of these
genes in relation to either stress tolerance or sensitivity are
largely unknown in higher plants [4^7]. Thus, it is critical to
study the functions of stress-inducible genes to understand the
molecular mechanisms of stress tolerance of crop plants.
Several lines of evidence implicate cytosolic calcium in sig-
nal transduction during drought and salt stress in higher
plants [8,9]. In addition, a close association between phos-
phoinositide (PI) metabolism and cytosolic calcium level has
been reported [3,10,11]. Inositol 1,4,5-trisphosphate (IP3) is
generated from hydrolysis of the membrane phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholi-
pase C (PLC). IP3 di¡uses rapidly to other parts of the cell
to mobilize calcium from the intracellular stores to the cyto-
sol, which results in the regulation of a number of cellular
processes in response to drought and salt stress. For example,
Knight et al. [12] reported that application of mannitol (sim-
ulating drought) to Arabidopsis seedlings caused not only in-
£ux of extracellular calcium, but also calcium mobilization
from vacuoles into the cytosol through IP3-dependent calcium
channels. The IP3-induced changes in cytosolic calcium level
may lead to activation of several drought-induced genes [12].
Hyperosmotic stress rapidly increased IP3 level in various cell
culture systems, including Galdieria sulphuraria [13], carrot
[14], and Arabidopsis [15]. In intact Arabidopsis plants, pro-
duction of PIP2 and IP3 and intracellular concentration of
calcium rapidly increased in response to salt and osmotic
stress [16]. From Arabidopsis, Mikami et al. [17] isolated a
cDNA encoding phosphatidylinositol 4-phosphate 5-kinase
(PIP5K), the enzyme that phosphorylates phosphatidylinositol
4-phosphate to produce PIP2, the precursor of IP3 and diac-
ylglycerol (DAG). The PIP5K mRNA was rapidly induced in
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response to drought, salt, and abscisic acid (ABA) [17]. More
recently, loss-of-function mutation in the FRY1 gene was
identi¢ed in Arabidopsis [18]. FRY1 encodes an inositol poly-
phosphate 1-phosphatase that is involved in the catabolism of
IP3. The fry1 mutation conferred super-induction of ABA-
and stress-responsive gene expression; this phenotype showed
enhanced accumulation of IP3. All of these results strongly
support an association between PI signaling cascades and
stress responses in higher plants.
Phosphoinositide-speci¢c phospholipase C (PI-PLC) cata-
lyzes the hydrolysis of PIP2 to generate IP3 and DAG (see
[19] for a review). The Arabidopsis PI-PLC is encoded by a
gene family; AtPLC1 is highly inducible by environmental
stimuli including dehydration, salinity, and cold stress, and
the AtPLC2 gene is constitutively expressed [20^22]. In potato
leaves, three StPLC genes are di¡erentially expressed after
wounding or during drought stress [23]. Recently, the function
of PLC in vivo was investigated in transgenic Arabidopsis
plants; transgenic lines expressing the AtPLC1 antisense
gene accumulated lower IP3 concentrations after being treated
with ABA and showed decreased induction of ABA- and
stress-responsive genes compared with such induction in con-
trol plants [24]. These results all indicate the importance of
PLC activity in producing IP3 and in triggering the expression
of stress-related genes.
Because PI-PLC has been shown to be encoded by a gene
family, we are interested in elucidating the tissue- and gene-
speci¢c expression pro¢les of individual PLC isogenes in early
seedling development. In this report, we examined the di¡er-
ential expression patterns of three isogenes (Vr-PLC1, Vr-
PLC2, and Vr-PLC3) which encode putative PLC homo-
logues in di¡erent tissues of mung bean (Vigna radiata L.)
plants in response to drought, high salinity, ABA treatment,
and bacterial infection. Our results showed that Vr-PLC3 is
speci¢cally activated by drought and salt stress in an ABA-
independent manner, with its induction being faster in roots
than in leaf tissue. Results of in vivo targeting experiment
suggest that the Vr-PLC3 protein is localized predominantly
to the plasma membrane.
2. Materials and methods
2.1. Plant materials and RNA isolation
Dry seeds of mung bean (V. radiata L.) were soaked overnight in
aerated tap water. Seedlings were grown on 0.8% agar for 4 days in a
dark room at 25‡C or for 4^8 weeks in an environmentally controlled
chamber. Total RNAs of mung bean plants were obtained by a meth-
od as described previously [25]. The total RNAs were precipitated
overnight at 4‡C by the addition of 0.3 volume 10 M LiCl and then
precipitated in ethanol.
2.2. Polymerase chain reaction (PCR)
First-strand cDNA, synthesized from 1 Wg of poly(A)þ RNA iso-
lated from etiolated mung bean hypocotyls, was ampli¢ed by PCR.
The mixed oligonucleotide primers used were derived from conserved
amino acid sequences of putative PI-PLCs from Arabidopsis and po-
tato plants; upstream primers GG[A/T]GC[A/T/G/C]CA[A/G]ATG-
[G/A]T[A/T/G/C]GC and AA[T/C]GG[A/T/G/C]GG[A/T/G/C]TG[T/
C]GG[A/T/G/C]TA were derived from Y domain sequences GAQM-
(V/I)A and NGGCGY, respectively; and downstream primers TT[A/
T]GGIAC[A/T/G/C]CC[A/T/G/C][A/G]C[A/C/T]AT and GGIA[A/C/
T][A/G]CA[A/T/G/C]GT[T/C]TG[A/T/G/C]CC were derived from C2
domain sequences I(A/V)GVPD and GQTC(L/I/F)P, respectively
[20,23]. The ampli¢ed PCR products were subcloned into pGEM-T
Easy vector system I (Promega, Madison, WI, USA). PCR was per-
formed in a total volume of 25 Wl as described previously [25].
2.3. Isolation of genomic DNA and Southern blot analysis
The mung bean leaf genomic DNA was isolated as described pre-
viously [26] with modi¢cations. Each gram of mung bean leaf was
pulverized under liquid nitrogen and suspended in 3 ml extraction
bu¡er (8.0 M urea, 50 mM Tris^HCl pH 7.5, 20 mM EDTA, 250
mM NaCl, 2% w/v sarcosyl, 5% v/v phenol and 20 mM 2-mercapto-
ethanol). After successive extractions with phenol/chloroform/isoamyl
alcohol (25:24:1, v/v), the aqueous phase was concentrated by ethanol
precipitation. The pellet was resuspended in 10 mM Tris^HCl (pH
7.5) and 1 mM EDTA adjusted to a density of 1.5 g/ml by the addi-
tion of CsCl, and the DNA was centrifuged overnight at 200 000Ug.
The DNA band was collected, extracted with water-saturated 1-buta-
nol, precipitated by ethanol, and then resuspended in 10 mM Tris^
HCl (pH 7.5) and 1 mM EDTA. Mung bean genomic DNA (10 Wg
per lane) was digested with appropriate enzymes, separated by elec-
trophoresis in a 0.7% agarose gel, and blotted onto a nylon membrane
¢lter (Amersham, Arlington Heights, IL, USA). The ¢lter was hybrid-
ized to 32P-labeled gene-speci¢c pVr-PLC1, pVr-PLC2, and pVr-PLC3
under high stringent conditions.
2.4. Application of various stresses and RNA gel blot analysis
To simulate water or salt stress conditions, 4-week-old mung bean
plants were soaked in solution containing 250 mM mannitol or 300
mM NaCl, respectively, for various time periods. To simulate
drought, 2-week-old intact plants were harvested from agar plates
and dehydrated on Whatman 3MM ¢lter paper at room temperature
and approximately 60% humidity under dim light. The degree of
drought was determined by the percentage decrease in the fresh weight
(10^40%) of the plants. To test the ABA dependence of the response
pathways, the mature leaves of 4-week-old plants were sprayed with
100 WM ABA, or inoculated by vacuum-in¢ltrating bacterial suspen-
sions (108 cfu/ml) into the abaxial side of fully expanded leaves. To
test the response to pathogens, two species of bacteria, Xanthomonas
campestris pv. vesicatoria and Pseudomonas syringae pv. tabaci, were
used as the non-host and avirulent pathogens, respectively, to the
mung bean plants. Total RNA (20 Wg) isolated from the treated tis-
sues was separated by electrophoresis on a 1% formaldehyde-agarose
gel and blotted to Hybond-N nylon membranes (Amersham). To
ensure equal loading of RNA, the gel was stained with ethidium
bromide after electrophoresis. To con¢rm complete transfer of RNA
to the membrane ¢lter, both gel and membrane were viewed under
UV light at the end of the transfer. The ¢lter was hybridized to
32P-labeled cDNA probes. The blots were washed as described pre-
viously [25] and visualized by autoradiography at 370‡C using Kodak
XAR-5 ¢lm and an intensifying screen.
2.5. Constructing and screening the partial genomic library
A partial genomic library was constructed as described previously
[26], with slight modi¢cation. Mung bean leaf genomic DNA was fully
digested with EcoRI and size-fractionated on a 10^40% sucrose gra-
dient. Restriction fragments of about 6^10 kb in length were ligated
into EcoRI-digested VEMBL4 (Stratagene, La Jolla, CA, USA) arms
and packaged in vitro using Gigapack III (Stratagene) extracts ac-
cording to the manufacturer’s protocol. The resulting library com-
prised 2.0U105 individual recombinant plaques. The genomic library
was screened using the 32P-labeled pVr-PLC3 as a probe by an estab-
lished procedure [27].
2.6. Subcellular localization of GFP-Vr-PLC3 protein
The Vr-PLC cDNAs corresponding to the full-length coding region
(amino acid residues 1^591) or to a truncated mutant which lacked
the C2 domain (amino acid residues 1^462) were ampli¢ed by PCR
using Pfu DNA polymerase to generate SacI sites at both the 5P and
3P ends. These ampli¢ed cDNAs were cloned into the soluble-modi-
¢ed, green £uorescent protein (smGFP) plasmid to generate GFP-Vr-
PLC3, which contained GFP-Vr-PLC31591 and GFP-Vr-PLC31462
in-frame fusions under the control of the cauli£ower mosaic virus 35S
promoter. The GFP-Vr-PLC3 and control smGFP plasmids were in-
troduced into protoplasts prepared from Arabidopsis seedlings by
polyethylene glycol treatment as described in [28]. After 16 h of in-
cubation, the protoplasts were viewed under a £uorescence micro-
scope. For co-localization experiments, Arabidopsis P-type Hþ-ATP-
ase AHA2 was fused to red £uorescent protein (RFP) and used as a
marker protein for the plasma membrane.
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3. Results
3.1. Isolation and classi¢cation of partial cDNA clones for the
putative PI-PLCs in mung bean plants
In animals and yeast, four distinct subfamilies (L, Q, N, and
O) of PI-PLCs have been identi¢ed [29]. These PI-PLC iso-
zymes possess ¢ve conserved domains which represent the
core sequences of PI-PLCs in animals and yeast: a PH do-
main, an EF-hand domain, an X and a Y domain (both of
which form catalytic domains), and a lipid-binding C2 do-
main. On the other hand, the structure of all forms of plant
PI-PLC is reminiscent of the N isoform but does not contain
the PH domain [19]. Sequence analyses of putative Arabidop-
sis PI-PLCs revealed that three domains, the X, Y, and C2
domains, are signi¢cantly conserved [19]. To gain more insight
into the di¡erential regulation of the PI-PLC isogenes in re-
sponse to diverse stresses, we ¢rst proceeded to isolate cDNAs
encoding putative PI-PLC homologues expressed in mung
bean plants. Poly(A)þ RNA was isolated from 4-day-old etio-
lated mung bean seedlings containing hypocotyls and roots.
Following the synthesis of the ¢rst-strand cDNA from 1 Wg of
poly(A)þ RNA, PCR was carried out with mixed oligonucleo-
tides corresponding to the amino acid sequences of GAQM(V/
I)A and NGGCGY for the upstream primers, I(A/V)GVPD
and GQTC(L/I/F)P for the downstream primers (see Section 2
for sequences), and the ¢rst-strand cDNA as the template.
These primer amino acid sequences are derived from the Y
domain (the upstream primers) and the C2 domain (the down-
stream primers), respectively, that are conserved in putative
PI-PLCs from Arabidopsis and potato [20,23]. We obtained
PCR products of about 300^500 bp in length. Subsequent
subcloning, restriction enzyme mapping, and DNA sequence
analyses revealed that these partial cDNA clones (pVr-PLC1,
pVr-PLC2, and pVr-PLC3) belonged to three di¡erent homol-
ogy classes and encode amino acid residues between the Y and
C2 domains of mung bean PI-PLCs (Fig. 1A). The pVr-PLC1
clone is 318 bp long and encodes 106 amino acids, pVr-PLC2
is 384 bp long and encodes 128 amino acids, and pVr-PLC3 is
459 bp in length and encodes 153 amino acids. The deduced
amino acid sequence identity between Vr-PLC1 and Vr-PLC2
is 65%, between Vr-PLC1 and Vr-PLC3 is 63%, and between
Vr-PLC2 and Vr-PLC3 is 82%. This result suggests that Vr-
PLC2 and Vr-PLC3 are the more homologous members of
this gene family, while the Vr-PLC1 gene is more divergent. In
addition, Vr-PLC genes exhibit a considerable degree of se-
quence identity when compared with putative PI-PLC genes
from Arabidopsis, potato, and soybean plants (see below).
3.2. Genomic DNA and RNA gel blot analyses of Vr-PLCs
To con¢rm that the partial pVr-PLC clones were not clon-
ing artifacts generated during the course of PCR and to as-
certain their genomic organization, DNA gel blot analyses
were conducted with mung bean genomic DNA digested
with EcoRI, HindIII, or XbaI. The probes were the 32P-la-
beled PCR fragments which corresponded to each homology
class. With each probe, all three genes had di¡erent restriction
patterns, and only one DNA hybridization band was detected
for each restriction enzyme reaction (Fig. 2A). No additional
fragments were visible in any of the gel blots after longer
exposure of the blots to X-ray ¢lm. The mung bean plant is
diploid, therefore these results indicate that the mung bean
genome contains a single copy of the Vr-PLC1, Vr-PLC2,
and Vr-PLC3 genes.
To investigate the spatial and temporal expression pro¢le of
Vr-PLC gene members, we used RNA gel blot analysis to
monitor the level of their corresponding mRNAs in di¡erent
mung bean vegetative and reproductive tissues. Total RNAs
isolated from apical hooks, hypocotyls, and roots of dark-
grown 4-day-old seedlings, or from leaves, stems, and £owers
of light-grown 4- or 8-week-old plants, were hybridized with
32P-labeled probes. As shown in Fig. 2B, substantial steady-
state levels of Vr-PLC1 and Vr-PLC2 transcripts (each about
2.2 kb long) were detected in various tissues of both dark- and
light-grown plants (Fig. 2B). However, relative expression
pro¢les of the two di¡erent mRNAs varied signi¢cantly; Vr-
PLC2 transcripts were predominant. The Vr-PLC2 mRNA
was most highly expressed in hypocotyls of etiolated plants
and stems of light-grown plants (Fig. 2B). In contrast, the
level of Vr-PLC3 transcript was very low in every tissue ex-
amined, and background level was hardly detectable in leaves,
apical hooks, and £owers (Fig. 2B). These combined results
strongly suggest that the homologous Vr-PLC1, Vr-PLC2,
and Vr-PLC3 genes we isolated from the mung bean plant
are not cloning artifacts, but are three di¡erent Vr-PLC genes
which are di¡erentially regulated in di¡erent parts of the
plant.
3.3. Vr-PLC3 mRNA accumulation is strongly stimulated by
drought or salt stress in an ABA-independent manner
Among the seven putative Arabidopsis PI-PLC gene family
members, AtPLC1 is rapidly induced by drought (within 1 h),
high salinity (within 2 h), and cold stress (within 10 h), where-
as the AtPLC2 gene is constitutively expressed [19^22]. The
expression of the other ¢ve genes has not been published. At
least three StPLC genes exist in potato plants, and they have
di¡erent patterns of expression [23]. In response to wounding
and wilting, StPLC1 exhibited strong reduction of its mRNA
level, whereas the StPLC2 transcript was markedly induced
by those stresses. Both treatments resulted in only minor al-
terations in expression of StPLC3, indicating that StPLC3 is
a constitutive gene. Thus, we considered the possibility that
the expression of the Vr-PLC gene family is also di¡erentially
regulated by di¡erent growth and environmental conditions.
To investigate this possibility, we analyzed accumulation of
transcripts of the three Vr-PLC isoforms in various tissues in
response to diverse biotic and abiotic stresses. As a ¢rst step,
4-week-old light-grown intact mung bean plants were sub-
jected to 250 mM mannitol (drought treatment) or 300 mM
NaCl (salt treatment). Total RNAs were then prepared at
di¡erent time points of incubation from leaf and root tissues,
and the expression pro¢le of individual Vr-PLC genes was
determined. Fig. 3A,B shows that the levels of mRNAs for
Vr-PLC1 and Vr-PLC2 remain unchanged in leaves and roots
during the entire 24-h incubation period, with the level of Vr-
PLC2 transcript being more abundant. In contrast, induction
of the Vr-PLC3 transcript was clearly detected with di¡erent
induction kinetics in two di¡erent tissues in response to man-
nitol or NaCl treatment (Fig. 3A). In leaves, Vr-PLC3 mRNA
began to accumulate by the fourth hour of stress treatment,
and this induction was maintained for at least 24 h after treat-
ment. In roots, the Vr-PLC3 mRNA level rapidly increased in
response to water or salt stress, attained a maximum level at
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2 h, and thereafter slowly declined through the remainder of
the 24-h incubation.
We further analyzed the induction kinetics of Vr-PLC3 in
response to drought. Two-week-old intact mung bean plants
were harvested from agar plates and dehydrated on Whatman
3MM ¢lter paper at room temperature and approximately
60% humidity under dim light. The degree of water stress
was determined by the percentage decrease in the fresh weight
of the plants. As shown in Fig. 4A, the low basal level of Vr-
PLC3 transcripts began to increase in leaf tissue in response
to a 40% water loss. On the other hand, induction of Vr-
PLC3 mRNA was ¢rst observed in roots after a 20% water
Fig. 2. Organization and expression of the mung bean Vr-PLC genes. A: Genomic Southern blot analysis of the Vr-PLC genes. The mung
bean genomic DNA (10 Wg per lane) was isolated from leaf tissue, digested with EcoRI (R), HindIII (H), or XbaI (X), and resolved on a 0.7%
(w/v) agarose gel. DNA on the gel was transferred to a nylon membrane ¢lter. The ¢lter was hybridized to the 32P-labeled pVr-PLC1, pVr-
PLC2, or pVr-PLC3 PCR fragments under high stringent conditions. B: RNA gel blot analysis of the Vr-PLC genes. Total RNAs (20 Wg per
lane) were isolated from apical hooks (HO), hypocotyls (HY), and roots (R) of 4-day-old etiolated seedlings, or leaves (L), stems (S), young
£owers (YF), and old £owers (OF) of 4^8-week-old light-grown mung bean plants and were resolved on a 1.0% formaldehyde-agarose gel. The
gel was blotted onto a membrane ¢lter and the blot was hybridized to the 32P-labeled probes under high stringent conditions. The blots were
visualized by autoradiography. Equivalence RNA loading among lanes of the agarose gel was con¢rmed by ethidium bromide staining of
rRNA on the gel.
6
Fig. 1. Structure and translated product of the mung bean Vr-PLC3 gene. A: A schematic model of the structure of plant PI-PLC homologues
and restriction enzyme map analysis of pVr-PLC1, pVr-PLC2, and pVr-PLC3 partial cDNA fragments obtained by RT-PCR. The conserved
sequences, including the EF-hand domain, the X and Y domains, and C2 domain, are indicated. B: Overall structure of the genomic clone
VVr-PLC-RI that includes a full-length Vr-PLC3 and truncated Vr-PLC1 genes. Solid bars represent exons, whereas solid lines designate the 5P
and 3P untranslated regions and introns. The coding regions of the full-length Vr-PLC3 and partial Vr-PLC1 are shown as open boxes. Arrows
indicate the putative TATA box and transcriptional start site as determined by the primer extension experiment. The sequences of Vr-PLC1,
Vr-PLC2 and Vr-PLC3 have been deposited in the GenBank database under accession numbers AY394079, AY461431 and AY394078, respec-
tively. C: Comparison of the derived amino acid sequences of mung bean Vr-PLC1 and Vr-PLC3 with PI-PLC enzymes from Arabidopsis
(AtPLC1) [20], potato (StPLC2) [23], and soybean (PI-PLC1) [32]. Amino acid residues that are identical in all ¢ve proteins are shown in black,
and amino acid residues that are conserved in at least three of the ¢ve sequences are shaded. The four conserved motifs, including the EF-
hand domain, the X and Y domains (which together constitute the catalytic domain), and the C2 domain, are indicated. Two histidine residues
at positions 126 and 169 have been identi¢ed within the active site of rat PLCN1 and are marked here by asterisks. The arrows represent the
primer amino acid sequences for RT-PCR. Dashes show gaps in the amino acid sequences introduced to optimize alignment. D: Phylogenetic
alignment of PI-PLC homologues from mung bean (Vr-PLC1 and Vr-PLC3), Arabidopsis (AtPLC1 and AtPLC2) [20,21], potato (StPLC1,
StPLC2, and StPLC3) [23], soybean (PI-PLC1) [32], rice (OsPI-PLC1, accession number AAK01711), and Nicotiana rustica (wild tobacco
NrPLC1 and NrPLC2, accession numbers X95877 and Y11931, respectively).
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loss. The expression of Vr-PLC3 transcript in roots was fur-
ther enhanced as the plants were exposed to more severe water
loss (30%), and thereafter declined (Fig. 4A). The discrepancy
between the patterns of induction in roots and leaves under
conditions of drought and high salinity, as shown in Figs. 3
and 4A, indicates that di¡erent parts of the mung bean plant
respond di¡erently to environmental stress with regard to Vr-
PLC3 gene activation; roots are more sensitive than leaves.
As previously mentioned, the levels of Vr-PLC1 and Vr-PLC2
mRNAs were constant until plants underwent a 40% water
loss, a result which strongly suggests that both genes are con-
stitutively expressed in mung bean plants.
Responses to drought and salt stress in plants are trans-
duced via two separate signaling pathways: the ABA-depen-
dent and -independent pathways [3,11]. To assess the possible
role of ABA on expression of Vr-PLC3, 4-week-old mature
mung bean plants were subjected to 100 WM ABA for di¡er-
ent time periods and the levels of Vr-PLC3 transcript moni-
tored. Northern blot analyses revealed that the expression of
Vr-PLC3 mRNA was una¡ected by treatment with exogenous
ABA for 24 h (Fig. 4B). This raises the possibility that water
and salt stress induction of Vr-PLC3 is mediated by an ABA-
independent pathway. The gene that encodes the mung bean
ethylene biosynthetic ACC synthase 1, Vr-ACS1, was included
in the mRNA expression analysis as a positive control for
ABA-dependent gene induction [30]. As previously reported
[30], its mRNA accumulated to signi¢cant levels in both leaf
and root tissues during ABA treatment, which indicates that
exogenously supplied ABA worked properly and therefore the
ABA-independent expression pattern of Vr-PLC3 was not an
experimental artifact.
We next examined changes in the Vr-PLC3 mRNA levels in
response to pathogen infection. Mung bean leaves infected
with the non-host strain Ds1 of X. campestris pv. vesicatoria
did not cause disease symptoms within 5^6 days after inocu-
lation. In contrast, when mung bean leaves were infected with
the avirulent bacterium P. syringae pv. tabaci, they displayed
a distinct hypersensitive response (HR) at 16^18 h after inoc-
ulation (data not shown). Although infection of two di¡er-
ent bacterial pathogens resulted in clearly di¡erent pheno-
typic responses in leaves, neither the non-host X. campestris
nor avirulent P. syringae stimulated an increase in levels of
Vr-PLC3 mRNA during the 24-h infection period (Fig. 4C).
As was the case for other types of stress, the levels of Vr-
PLC1 and Vr-PLC2 mRNAs remained the same after patho-
gen inoculation (data not shown). Thus, pathogen infection
may not function as a trigger for induction of the Vr-PLC
genes.
3.4. Structural analysis of stress-induced Vr-PLC3
From our combined results, it appeared that, among the
three homologous Vr-PLC genes, Vr-PLC3 was expressed at
a very low level under normal growth conditions and was
speci¢cally induced under environmental stress, such as
drought and high salinity, in an ABA-independent fashion.
We therefore wanted to characterize the Vr-PLC3 gene in
more detail. To help determine the structural properties of
the stress-responsive Vr-PLC3, we isolated the genomic clone.
The mung bean genomic DNA was fully digested with EcoRI
and size-fractionated on a 10^40% sucrose gradient (data not
shown). Restriction fragments of about 6^10 kb in length
were collected, ligated into EcoRI-digested VEMBL4 arms
Fig. 3. Induction kinetics of Vr-PLCs in response to conditions of environmental stress in leaf and root tissues of mung bean plants. Four-
week-old, light-grown, intact plants were subjected to 250 mM mannitol (drought treatment) or 300 mM NaCl (salt treatment). The stress-
treated leaves (A) and roots (B) were harvested at indicated time points and total RNAs were isolated. Total RNAs (20 Wg) were separated by
electrophoresis on a 1% formaldehyde-agarose gel and blotted to a Hybond-N nylon membrane. To ensure equal loading of RNA, the gel was
stained with ethidium bromide after electrophoresis. In order to con¢rm complete transfer of RNA to membrane ¢lter, both gel and membrane
were viewed under UV light at the end of the transfer. The ¢lter was hybridized to 32P-labeled pVr-PLC1, pVr-PLC2, or pVr-PLC3 probes,
washed and visualized by autoradiography at 370‡C with an intensifying screen.
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and packaged in vitro. Genomic Southern blot analysis (Fig.
2A) and PCR (data not shown) con¢rmed that these frag-
ments contained Vr-PLC3. The resulting partial genomic li-
brary was screened using the 32P-labeled pVr-PLC3 fragment
as a probe; one clone, VVr-PLC-RI, was obtained. Restriction
enzyme digests of DNA isolated from this clone showed that
it contained an insert of approximately 8.0 kb (Fig. 1B). In-
terestingly, subsequent restriction enzyme mapping and DNA
sequence analysis revealed that the genomic clone encodes a
full-length Vr-PLC3 and a truncated Vr-PLC1. Thus, the Vr-
PLC1 and Vr-PLC3 genes are juxtaposed in the mung bean
genome with an identical transcriptional direction (Fig. 1B).
The VVr-PLC-RI genomic clone (VVr-PLC1 and VVr-PLC3)
was sequenced for a total of 8226 bp. The VVr-PLC3 clone
(GenBank accession number AY394078) consists of nine
exons interrupted by eight introns whose junctions are in
agreement with the consensus intron/exon borders of plant
genes [31]. Individual sizes of the eight introns are, in order,
573, 352, 80, 104, 464, 666, 105, and 96 bp. The start site of
transcription for Vr-PLC3 was determined by primer exten-
sion analysis. A single primer extension product was obtained,
and the major start site is located 39 nucleotides upstream of
the 5P end of the coding region of the Vr-PLC3 gene (Fig. 1B).
The putative TATA box was found 34 nucleotides upstream
of the transcriptional start site. The primer extension data
thus de¢ne the 5P untranslated region of the Vr-PLC3
mRNA as 39 nucleotides in length (Fig. 1B). The coding
region of Vr-PLC3 comprises 1773 bp which encode a poly-
peptide of 591 amino acid residues with a predicted molecular
mass of 67.4 kDa, which is slightly larger than those of Ara-
bidopsis AtPLC1 (64.3 kDa) [20] and of potato StPLC2 (64.2
kDa) [23], but is similar to that of soybean PI-PLC1 (68.8
kDa) [32] (Fig. 1C). On the other hand, VVr-PLC1 is a partial
clone comprising a 1344-bp-long coding region (encoding 448
amino acids) with eight exons (GenBank accession number
AY394079), indicating that VVr-PLC1 lacks the ¢rst exon
and intron (Fig. 1B,C). Although the expression patterns of
Vr-PLC1 and Vr-PLC3 are quite di¡erent (Figs. 3 and 4), the
Fig. 4. Time course of accumulation of Vr-PLC3 mRNA in mung bean plants in response to wilting (A), ABA application (B), and bacterial
infection (C). A: Two-week-old intact mung bean plants were harvested from agar plates and dehydrated on Whatman 3MM ¢lter paper at
room temperature and approximately 60% humidity under dim light. The degree of water stress was determined by the percentage decrease in
the fresh weight (10^40%) of the plants. The mature leaves of 4-week-old plants were sprayed with 100 WM ABA (B), or inoculated by vac-
uum-in¢ltrating bacterial suspensions (108 cfu/ml) into the abaxial side of fully expended leaves (C). The two bacterial species, X. campestris
pv. vesicatoria and P. syringae pv. tabaci, were used as the non-host and avirulent pathogens, respectively, to the mung bean plants. Infection
of leaves by P. syringae resulted in the hypersensitive response (HR) at 16^18 h after inoculation. The induction patterns of Vr-PLC genes
were investigated by RNA gel blot analysis with 32P-labeled pVr-PLC probes as described in Fig. 3. The gene which encodes a mung bean eth-
ylene biosynthetic ACC synthase 1 (Vr-ACS1) was included in the RNA expression experiment as a positive control for ABA-dependent induc-
tion.
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deduced amino acid sequences of their gene products show
66% sequence identity.
The complete sequence for Vr-PLC3 allowed us to compare
it to PI-PLCs from other organisms and to analyze their
structural relationships. Mung bean Vr-PLC3 shares 53^76%
identity at the amino acid level with the Arabidopsis AtPLC1
and AtPLC2 [20,21] ; potato StPLC1, StPLC2, and StPLC3
[23] ; soybean PI-PLC1 [32] ; wild tobacco (Nicotiana rustica)
NrPLC1 and NrPLC2 (GenBank accession number X95877
and Y11931, respectively) ; and rice OsPI-PLC1 (GenBank
accession number AAK01711) (Fig. 1C and D). Phylogenetic
alignment revealed that the Vr-PLC3 protein is most closely
related to soybean PI-PLC1 (76%) and most distantly related
to Arabidopsis AtPLC1 (53%) (Fig. 1D). As found in other
putative PI-PLC homologues, the Vr-PLC3 protein possesses
signi¢cantly conserved X and Y domains, which together con-
stitute the catalytic core of the enzyme (Fig. 1C) [19,33]. In
addition, the Vr-PLC3 polypeptide has a carboxy-terminal C2
domain that is known to be a lipid-binding site. A putative
EF-hand domain is near the N-terminus, but it is much less
conserved among plant PI-PLCs. Finally, Vr-PLC3 contains
invariable histidine residues at positions 126 and 169; both
are within the X domains essential for the enzymatic function
of PI-PLCs (Fig. 1C, indicated by asterisks) [23,34]. Overall,
these architectural conservations suggest that the stress-in-
duced Vr-PLC3 protein is indeed biochemically active and
may play a role in the production of IP3 in mung bean plants.
3.5. The Vr-PLC3 protein is predominantly localized in plasma
membrane
On the basis of results from in vitro enzyme activity assays,
two kinds of PI-PLC have been identi¢ed in cells of higher
plants; one is predominantly present in the cytosolic fraction,
and the other localized to the plasma membrane [19,35,36].
Shi et al. [32] isolated a cDNA clone which encoded soybean
PI-PLC by screening an expression library using serum with
anti-plasma membrane antibodies raised against proteins from
puri¢ed plasma membrane. Immunoblot analysis of the cell
fractions prepared from transgenic tobacco plants over-ex-
pressing the FLAG epitope-tagged PI-PLC fusion protein
showed that PI-PLC was present in the cytosol as well as in
the plasma membrane. Otterhag et al. [37] found that a poly-
clonal antibody raised against a synthetic polypeptide speci¢c
for the Arabidopsis AtPLC2 isoform cross-reacted with a 66-
kDa protein that was signi¢cantly enriched in the plasma
membrane fraction as compared with the intracellular mem-
brane and microsomal fractions of Arabidopsis cells. These
results suggest that the plasma membrane is a major cellular
site for the presence of AtPLC2 enzyme. To obtain more
direct evidence for the cellular localization of PI-PLC, we
conducted an in vivo targeting experiment using Vr-PLC3-
fused GFP as a £uorescent marker in a transient transfection
assay. The GFP gene was fused to the 5P end of the Vr-PLC3
coding region in-frame under the control of the cauli£ower
mosaic virus 35S promoter (Fig. 5A). As we previously estab-
lished the protein localization method using protoplasts of
Arabidopsis seedlings [38], the resulting construct was intro-
duced into Arabidopsis protoplasts by polyethylene glycol
treatment [28]. Localization of the fusion protein was visual-
ized with a £uorescence microscope. As shown in Fig. 5B, the
control GFP was uniformly distributed throughout the cyto-
solic fraction of protoplast (panel a), while the GFP-Vr-PLC3
fusion protein was localized predominantly in the plasma
membrane (panel b). In contrast, the GFP-Vr-PLC31462 pro-
tein, which lacked the C-terminal 129 amino acid residues
corresponding to the C2 domain, exhibited uniform accumu-
lation in the cytosol (panel c), a result which indicates that the
C2 domain is critical for the Vr-PLC3 protein to be targeted
to the plasma membrane. To further con¢rm the plasma
membrane-localized staining pattern, we attempted co-local-
ization of GFP-Vr-PLC3 with Arabidopsis P-type Hþ-ATPase
AHA2, a marker protein for the plasma membrane [39]. Pre-
viously, it was shown that Hþ-ATPase-GFP was targeted to
the plasma membrane in Arabidopsis protoplasts [38]. In this
study, we replaced GFP with RFP. As shown in panel d, the
green £uorescent signal of GFP-Vr-PLC3 closely overlapped
the red £uorescent signal of Hþ-ATPase-RFP. On the basis of
these in vivo targeting results, we concluded that Vr-PLC3 is
primarily present in the plasma membrane.
4. Discussion
During their entire life cycle, higher plants are constantly
faced with diverse environmental stresses. To survive under
such unfavorable growth conditions, plants have developed
a number of unique defense mechanisms and processes for
acclimation that enhance tolerance to the detrimental condi-
tions. Cytosolic calcium has been generally regarded as a sec-
ondary messenger that transmits the extracellular stimuli into
the cells to turn on the defense response [8,9,40,41]. In addi-
tion, IP3, produced from the membrane phospholipid PIP2 by
the action of PI-PLC, is also an important secondary messen-
ger that triggers Ca2þ release from intracellular reservoirs,
such as vacuole and endoplasmic reticulum [3,10,11,42].
The mung bean plant is a commercially important crop and
widely cultured in Korea. The physiological responses of
mung bean seedlings to various hormones, including auxin,
ABA and ethylene, and to environmental factors have been
extensively studied [25,30,43^45]. However, far less has been
done to investigate the secondary messengers involved in the
signaling pathway in response to environmental and develop-
mental cues. In the present study, we examined the expression
pro¢les of three homologous Vr-PLC genes, and found that
Vr-PLC3 is speci¢cally activated by drought and high salinity
in an ABA-independent manner in intact mung bean plants
(Figs. 3 and 4). The deduced primary sequence of stress-re-
sponsive Vr-PLC3 displays a high degree of sequence identity
(53^76%) with other plant putative PI-PLC homologues, and
contains core sequences found in typical PI-PLC enzymes,
including the catalytic domains comprising X and Y domains,
a lipid-binding C2 domain, and less conserved EF-hand do-
main (Fig. 1). Two histidine residues identi¢ed within the
active site of rat PLCN1 are also well conserved in Vr-PLC3
[34]. Thus, as is the case for Arabidopsis, potato, and soybean
PI-PLCs [20,23,32], the architectural features of Vr-PLC3 are
reminiscent of the N isoform of the animal enzyme. In addi-
tion, employing an in vivo targeting experiment, we demon-
strated that Vr-PLC3 is predominantly present in the plasma
membrane of Arabidopsis protoplasts (Fig. 5). Our results
clearly show that the C2 domain is essential for Vr-PLC3 to
be localized to the plasma membrane. This result is consistent
with a recent ¢nding that the C2 domain, which contains
distinct membrane-binding properties, controls the subcellular
localization of the mammalian PLC-N isoform [46]. By anal-
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ysis of the crystallized structure of mammalian PI-PLC-N,
Essen et al. [34] suggested that the C2 domain regulates PI-
PLC enzyme activity by modulating membrane interaction
and helps with access to the PI substrate. On the basis of
these structural properties and the subcellular localization pat-
tern, we presume that Vr-PLC3 is indeed biochemically active
and plays a role in the stress response of mung bean plants.
The Vr-PLC3 gene is composed of nine exons interrupted
by eight introns (Fig. 1B). This number of introns and exons
is identical to those of Arabidopsis AtPLC2, AtPLC4,
AtPLC6, and AtPLC7 genes, but is di¡erent from those of
AtPLC1 and AtPLC5 with eight exons and AtPLC3 with
seven exons [19]. Because the expression patterns of most
Arabidopsis PI-PLC genes, except for AtPLC1 and AtPLC2,
are unknown, it would be intriguing to investigate if the num-
ber of exons/introns is correlated with the induction pattern of
PI-PLC genes. Interestingly, mung bean Vr-PLC1 and Vr-
PLC3 exist as a tandem array with the same transcriptional
orientation within an 8.2-kb EcoRI DNA fragment (Figs. 1B
and 2A). The Vr-PLC1 gene, along with Vr-PLC2, is consti-
Fig. 5. Subcellular localization of the Vr-PLC3 gene products. A: The GFP coding region was fused in-frame to the full-length pVr-PLC3 cod-
ing region or to the truncated pVr-PLC3 mutant. Hþ-ATPase-RFP was used as a marker for the plasma membrane protein. Constructs were
introduced into protoplasts prepared from Arabidopsis seedlings by polyethylene glycol treatment and expressed under the control of the cauli-
£ower mosaic virus 35S promoter. B: Expression of the introduced genes as viewed after 16 h by £uorescence microscopy under dark ¢eld or
light ¢eld.
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tutively expressed in all tissues examined in mung bean plants
(Figs. 2^4). Thus, Vr-PLCs are not expressed in a strict tissue-
speci¢c fashion. This result indicates that PI metabolism ac-
tively occurs under normal growth conditions and may help
ensure the optimal growth and development of mung bean
plants. Conversely, Vr-PLC3 is expressed at very low levels
and is rapidly induced by water or salt stress (Figs. 3 and 4).
We speculate that the accumulation of Vr-PLC3, in addition
to Vr-PLC1 and Vr-PLC2, may contribute to enhance toler-
ance or may help plants to cope with such stresses. At this
moment, however, we do not know the exact physiological
relevance of di¡erential expression of Vr-PLC gene family
members. Plant PI-PLC enzymes, as found with animal PI-
PLCs, are activated by Ca2þ ion. Using wheat plasma mem-
brane system, Pical et al. [47] showed that Mg2þ is an activa-
tor of PI-PLC in the presence of Ca2þ, while Al3þ ion mark-
edly inhibits PI-PLC enzyme activity [48]. Although we do not
provide biochemical data, we are tempted to assume that in-
dividual Vr-PLC isoforms may have di¡erent catalytic proper-
ties (e.g. sensitivity to Ca2þ, Mg2þ, and Al3þ ions, and spec-
i¢city or a⁄nity toward PIP2, PIP, and PI substrates). It
would also be possible that each Vr-PLC exhibits a di¡erent
mode of interaction with the plasma membrane or a di¡erent
subcellular localization pattern. Overall, these distinct features
of Vr-PLCs would permit the plant to ¢ne-tune its response to
di¡erent developmental and environmental cues. Further ex-
periments are required to de¢ne the detailed biological roles
of Vr-PLCs in the stress responses of higher plants.
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